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Abstract 
Initially, cross country skis were used to move from place to place through the snow in winter. Now mainly it is 
performed in recreational and competition environments. Its intuitive basic technique, the direct contact with 
nature and the health characteristics makes this sport a very attractive activity for a lot of people from a large 
range of ages. 
In competition, technique is brought to the extreme and it is conditioned by many characteristics. In this case 
equipment is very important for good performance and skiers look for the optimum ski. Here is where special 
test benches and tools are used to evaluate mechanic behaviors and match up the skier with the equipment. 
Methods to evaluate skis already exist, some of them old but yet reliable. However, in the last 20 years test 
methods have improved a lot with new devices and new data is obtained, which is decisive in the ski market 
and competition.  
This project focuses on different techniques to obtain mechanical properties of the cross country ski. The 
methods should allow the interested to evaluate the performance of the ski as well as match it up with the best 
skier. 
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1 Introduction 
The world of the cross country ski involves many concepts. The main ideas which developed this project have 
been analysed in this introduction. 
1.1 Background 
Choosing cross country ski equipment is not an easy task. The goal is to find a ski that combines properly the 
conflict of the glide and the grip. Several characteristics should be taken into account, even if it is at beginner 
level, an exhaustive analysis helps to develop a better performance. Currently there exist a few different 
methods to obtain the main mechanical properties. 
1.2 Problem discussion 
Many specialized cross country ski brands have their own ways of advising about selecting a particular pair of 
skis, using the experience, knowledge and simple tests together with the costumer. Other have sophisticated 
test benches to measure the main properties of the ski and accurately match the skier with the skis. This is 
especially useful in cases where the ski company does not provide complex information like pressure 
distributions, balance points or the arch obtained by different weights. 
 
Internal structure of a cross country ski is complex: materials of determinate properties are disposed in 
different configurations along the ski. Therefore calculations of mechanical parameters are difficult to obtain.  
To accurately measure load and displacement response together with contact pressure distribution at different 
loads are fundamental for individually optimizing and fit the ski with the skier. In the end, mechanical 
properties, contact conditions, snow properties, weather conditions, technique of the skier have to be included 
to obtain optimum ski performance. In this thesis, mechanical and contact properties are studied. 
1.3 Literature review 
To understand the complexity of the ski optimization it is important to familiarize with the different 
techniques, styles and theories.  
 
The human physiology and the mechanics together is the key for a good performance. (Smith, G. A. 2002). 
Gravity, air drag and ski drag are the total forces the skier has to overcome (see Figure 1). To do this there are 
many techniques and each one follows different mechanic principles. Particularly, classic cross country skiing 
has 3 different techniques related with the several situations the skier finds in his track but in general they have 
common mechanic principles. 
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Figure 1: Interaction of forces in the cross country ski 
1.3.1 Cross country ski techniques 
The 3 primary pattern of two-dimensional motion are: 
1.3.1.1 Diagonal Stride Technique 
This technique is used in flat/soft uphill terrains by skiing in groomed parallel tracks in slower conditions. 
Basically the skier propels himself kicking with one pole and one ski from opposite sites in an alternative 
movement as it is shown in the Figure 2. 
 
 
Figure 2: Diagonal Stride Technique motion sequence (adaptation from [1]) 
1.3.1.2 Double Pole Technique 
When a moderate downhill section comes and snow conditions are good for glide after poling, the skier can use 
this technique. This is where both poles are used to kick at the same time with minimal leg involvement and all 
the propulsion is done by the arms (see Figure 3). 
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Figure 3: Double Pole Technique motion sequence (adaptation from [1]) 
1.3.1.3 Kick Double Pole Technique 
When the snow does not allow the skier to glide or maybe the skier is in a slight uphill, an extra kick between 
poles can help to keep the movement. The kick phase is similar as that in the Diagonal Stride Technique; 
usually the skier alternates the legs in every kick phase of the cycle (see Figure 4) 
 
 
Figure 4: Kick Double Pole Technique motion sequence (adaptation from [1]) 
 
To develop these techniques the ski has to glide in the snow, but allow the skier to kick and propel himself in 
the track. This is an alternation of gliding and griping and it is where all the research is condensed to optimize 
the two opposite properties.  
1.3.2 Influence main factors 
Basically, cross country ski mechanics are matter of action-reaction principle for the grip phase and friction 
factor for the grid phase. Mechanical properties of the ski and other characteristics will determinate the 
appropriate combination of both.  
1.3.2.1 Camber 
This is an important property for the combination of grip and glide. The camber is the space between the ski 
and the flat floor or the space between both skis when they are held together base to base. In fact, the main 
information is in the “second camber”, in general this is the no contact surface under the ski when half of the 
body weight is applied. This is called the wax pocket and is the place where the wax is placed, as represented 
in the Figure 5. Generally in an adult ski, the length of the wax pocket is about 40-50cm (Brown, Nat 1948)  
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Figure 5: Different wax pockets under a cross country ski. BP: Balance point. (Cross country Canada NCCP preparation manual) 
 
The aim is to obtain grip just in the kick phase. As soon as the skier applies vertical force to the ski, it presses 
against the snow and bends, increasing the contact surface. The correct design should create enough contact in 
the grip base of the ski to avoid glide backwards and permit advance. 
1.3.2.2 Flex 
The vertical flex of the ski influences the speed and turning. A soft flex of the ski grips better and turns easily 
in soft snow. A hard flex improves the speed and turns better on hard snow (Hidman, Steve 1957) 
Of course, these properties depend of the weight of the skier: The same ski that is hard for a light skier can be 
very soft for a heavy one and directly affects the wax pocket delimitation which is sometimes unacceptable and 
the ski should be discarded. 
 
In conclusion, flex of the ski will be determinant for choosing skis, or what is the same: the weight will be 
decisive. 
1.3.2.3 Wax 
The proper application of grip and glide wax can improve the ski experience. This thesis focus on skis that 
need both kind of wax, considering a better performance with them in optimum conditions than the ones with 
no wax, common wax for glide and grip surfaces or the ones with fish scales. 
1.3.2.3.1 Glide wax 
This wax is designed to make the ski glide faster. It is situated out of the wax pocket (tip and tail), in the part in 
permanent contact with the snow and is responsible to minimize the snow drag force. There are many kinds 
which depend on several factors. (Brown, Nat 1948) 
9 
 
1.3.2.3.2 Grip wax 
The grip or kick wax is the one placed in the wax pocket. The goal is to provide drag in the kick phase. Inside, 
the wax can be placed in different lengths according to a complex criterion. In Figure 5 there are differenced 
two lengths where are placed the main two different kinds of waxes: 
 
Powder (hard) wax: This wax is used for new snow conditions; the snow from the groomed track still has the 
original crystal structure.  
 
Klister wax: this wax is commonly used for old snow; snow that has lost the original crystal structure and it has 
been melted and refrozen.  
 
Between these two waxes there are many kinds depending of many other factors. 
1.3.2.4 Balance point  
The balance point (BP) is the point measured by a thin steel blade holding the ski and keeping it flat. This is 
important for placing the bindings and deciding the balance of the ski when this one is in the air with no 
pressure. If the BP is in front of the binding the tip of the ski tends to go up faster and the opposite happens 
when it is placed behind.  
 
There are several other factors like the base structure, the length, the sidecuts, etc. but these will not be taken in 
account as it goes out of the study case. 
1.3.3 The optimized cross country ski 
1.3.3.1 Goal 
The aim is to optimize the factors explained before for the best performance: 
 
Flex – Wax pockets: 
 
The flex is directly related with the calculation of the wax pockets. If the classical ski is too stiff for a 
determined weight, in a situation of full weight (kick phase), the grip zone will not be pushed enough against 
the snow and the skier will not be able to kick properly. It means that the skier will slip going uphill, or will 
have difficulties to speed up in a flat track. Furthermore, going downhill the ski will have more stability and 
the contact surface with the snow will be small. This pressure will be high and in soft snow the ski could sink 
too much in the track, slowing down the performance but if the snow is hard, the skier can achieve a faster way 
down.  
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On the other hand, a soft classical ski will have the kick wax continually dragging on the snow and 
consequently, the gliding will be decreased. 
 
Pressure distribution: 
 
The pressure map under the ski gives a lot of information about the mechanic behavior.  
 
The pressure map has influence in the gliding phase. One would expect in high pressures the snow is 
deformed, heated up, and consequently there is a reduction of drag force. However, high pressure could 
increase the total drag when in the front part of the ski the snow is plowed and highly deformed as well as if 
high pressure is located in small areas. (Smith, G. A. 2002)  
 
Not only the pressure in itself is interesting, also characteristics like the contact surface, deduce the stiffness 
and decide wax pockets can be obtained. 
1.3.3.2 Optimization methods 
There are ways to study cross country skis since time ago (Luomaranta, Marie 1980, Eduard E, Pauls 1973). 
This project will focus in the new ones that are currently used by some ski companies. 
 
Even if it does not provide pressure distributions, a good match with the thesis purpose is the test board of 
Fisher (2011): 
1.3.3.2.1 Fisher Test Board 
With this board, the skier can find a complete and accurate ski evaluation of the flex and the wax pockets.  
 
The procedure is the following: 
 
- The skier should know first the balance point (BP) of the ski. Without bindings and a steel blade the 
BP can be measured as is shown in the Figure 6. The position of the BP is the one that keeps the ski in 
horizontal position. 
 
 
Figure 6: Finding the Balance point.(Adaptation from [19]) 
11 
 
 
- Then the ski is placed along the board and the balance point is aligned with the origin of the x-axis. 
 
Flex analysis 
 
- Residual tension: This is the first analysis made to evaluate the flex. This tension is the one that the 
ski obtains when the skier is placed on the ski, with the boot tips in the balance point and the boot 
relaxed. (gliding phase) 
 
As it is shown in Figure 7 there is a gauge blade that moves under and along the ski, this blade 
determinates the non-contact area under the ski. 
 
 
Figure 7: Skier on the test bench with the handle from the guided blade. (Adaptation from [19]) 
  
When the blade cannot move it means this is where the ski has contact with the board. Depending on 
the displacement limits of the blade: 
 
o Between the heel and +35cm from the BP: correct camber/flex. 
o Between -15 and 15 cm: ski too soft 
o Further than the heel and the +35cm point: ski too stiff 
 
- Secondary tension: The second test is the one where the skier is with one foot in the ski (gliding with 
one ski). The gauge blade is used again: 
 
o Between -12 and +20cm from the BP: correct camber/flex 
o Does not move: ski too soft 
o Further than -12 and the +20cm point: ski too stiff 
 
- Camber pressure: The last one is tested with the skier staying in the ball of one foot (kick phase) 
 
o Does not move: correct camber/flex 
o Moves: ski too stiff 
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Wax pockets  
 
The board finds the wax pockets easily: 
 
o For Powder - hard wax : space left under the ski in the residual tension configuration 
o For Klister wax : space left under the ski in the secondary tension configuration 
1.3.3.2.2 Skiselector test board 
This test bench is much sophisticated than the one before but still does not give a pressure distribution under 
the ski. In this case it is not necessary for the skier to test the ski, just his weight and a press will do the load. A 
sensor will give a curve of the arch of the ski when half and full weight is applied. This curve gives the extra 
information of the arch behavior. This is very interesting to check deformation uniformity and stability, and 
blades are not needed to delimitate the wax pockets under the ski (see Figure 8) 
 
 
Figure 8: Skiselector test board. (Adaptation from [20]) 
 
A standard evaluation is provided by the company to decide if the ski is a good selection or not: 
 
- First of all the kind of skier should be decided. This will determinate the distance between the load point 
and the balance point in the kicking phase: 
 
Fitness condition – 50 mm 
Athlete condition – 35 mm 
Junior – 50 mm 
 
- After this, the ski condition can be obtained by measuring the space between the ski and the plane at the 
BP. Depending on the result: 
 
- Warm condition (Klister)  
Full weight: between 0.30-0.50 mm/ Half weight: between 1.25-1.50 mm 
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- Zero degree (Universal) 
Full weight: between 0.20-0.35 mm/ Half weight: between 1.10-1.30 mm 
- Zero degree  
Full weight: between 0.15-0.30 mm/ Half weight: between 1.10-1.40 mm 
- Cold condition (Powder)   
Full weight: between 0.10-0.25 mm/ Half weight: between 0.80-1.25 mm 
 
- Next is to place the wax pockets for proper gliding. With half weight and 130mm from the BP, measure 
where the ski start to lose contact in the surfaces. With the next values: 
 
- 0.3 mm between ski-plane: The wax pocket should start for Klister (+degree conditions)  
(As a reference, it should be 25 cm behind the BP and 20-25 cm ahead) 
- 0.2 mm between ski-plane: The wax pocket should start for zero degree. 
(As a reference, irrelevant distance behind the BP and 30-35 cm ahead) 
- 0.1 mm between ski-plane: The wax pocket should start for Powder (cold conditions) 
(As a reference, irrelevant distance behind the BP and 35-45 cm ahead) 
1.3.3.2.3 Sensor matrix 
To measure the pressure distributions at the surfaces several companies develop sensor matrices to obtain a 
map of pressures (Tekscan®, Xsensor®, Sensorprod®).  
 
In general it consists of a matrix full of sensible cells, or a sensible film, able to measure a determinate range of 
stress. The data from the cells or the film are processed and a pressure imaging is obtained. 
 
The Figure 9 shows an example of a plot performed to a Salomon cross country ski through the Xsensor® 
device X2 SYSTEM. 
 
 
Figure 9: Pressure distribution under a Salomon cross country ski (MPa) [21] 
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However, other measurement devices exist. Instead of a sensor matrix a linear sensor is used, relocated all 
along the ski by an engine measuring the weight every time with a certain frequency (Mikael Bäckström, Leon 
Dahlen, Mats Tinnsten 2008) 
1.4 Purpose and research questions 
The objective of this Master’s Thesis is to use different methods to measure the mechanics of cross country ski. 
It has been tested:  
 
- Load-displacement: obtaining the curves via controlled weight with a press machine. 
 
- Contact surface: measuring it by a non-contact optic method and comparing it with a thickness 
gauge. 
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2 Theory 
In this section there will be explained useful concepts to understand the methodology and results.  
 
2.1 Optic Software: Aramis - GOM (Optical Measuring 
Tech.) 
This project has chosen an uncommon way to measure these deformations, presumably never done before. It 
consists in taking pictures in every state of deformation and through the software calculate deformation and 
strain. The software used in this thesis is developed by the German company GOM: Gesellschaft für Optische 
Messtechnik (GOM Optical Measuring Techniques - Company profile 2012). 
 
GOM develop several optical systems used all over the world for research, automotive industry, aerospace 
industry and consumer good industry. Their systems provide accurate data for product development and 
material and component testing via 3D coordinate measurements, 3D digitizing and deformation 
measurements. 
 
Particularly, ARAMIS software is focused in test objects under load and obtains strain values, 3D 
displacements and surface coordinates, all in a non-contact optical measuring system. It is a powerful solution 
for determining material properties, component test and verifying Finite Element Analysis. (GOM Optical 
Measuring Techniques 2012 – Aramis software) 
2.1.1 Principle 
ARAMIS software recognizes the pixels form a picture and uses them as elements in different configurations 
and accuracies. For 2D analysis it is needed one high resolution camera to obtain the pictures from the different 
stages to analyze. The pictures are processed by the computer and the software recognizes the pixels to be 
evaluated. 
2.1.1.1 Facets 
The user determines the delimitations of the picture to be analyzed according to optimize the computation time 
and avoid distortions. This area should have a stochastic pattern and is divided by facets: squares or rectangular 
fragments of the picture, with a certain pixel dimensions. ARAMIS observes the deformation of the object by 
means of these facets.  
 
Facets are very important in terms of accuracy and computation time. Are defined by: 
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- Dimensions (area)(pixels2) 
 
The size of the facet increases the pixels to calculate the displacement mean. This is if the facet is 
small, local displacements and small area behavior will be taken in account, but increase the risk 
of error and distortion. Large facets will have more pixel population and have a more accurate 
result avoiding distortion (dropped pixels), but sacrificing local results (considered errors). 
 
- Overlap size (step) (pixels) 
 
Increasing the overlap size, it increases the number of facets that can be fitted inside the evaluation 
area. For small steps more result points are obtained, and vice versa. A small step also helps to 
avoid dropped facets by using information from the overlapped ones in that point. 
 
To illustrate this concept the Figure 10 shows model A, a square facet with equal step in the Y and 
X direction, creating homogenous distribution of nodes. Model B shows larger facets with more 
density of nodes in the Y direction than the X one.  
 
 
Figure 10: Different facet configurations [9] 
 
Finally, the computation time increases with large facets and small steps. 
2.2 Optics 
The pictures from deformed ski should be taken with high accuracy. To understand the methodology it will be 
helpful first to understand some photography concepts.  
 
Several parameters affect the picture. The following conditions will be taken into account: 
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2.2.1 Lens 
The lens is responsible of the optical distortions and depends of the following parameters. (R.E. Jacobson 
2003). 
2.2.1.1 Focal length 
The focal length is defined as the distance in mm between the digital sensors (focal plane) to the center of the 
lens.  
 
With this parameter the angle of view can be modified. Figure 11 represents the focal lengths with the 
corresponding angle of view. That is, for long focal lengths (small angles) the subject of the picture will be 
magnified for a given position which is the common optic zoom.  
 
 
Figure 11: Different focal distances and apertures [10] 
 
Furthermore, wide focal lengths will give you more perspective of the scenario with a wider angle.  
 
For this project, the camera should take the pictures with the smallest distance between the camera and the 
beam (space limitation) so it means wide angles. But this is dangerous for the picture quality: 
 
2.2.1.1.1 Barrel distortion 
In fact, this distortion exists in all lenses, but in wide angle lenses it is magnified. The objects placed far from 
the center of the image perform curved: straight lines appear bulged as it is shown in the Figure 12. 
 
  
Figure 12: Barrel distortion: Undeformed / barrel-shape deformed grid [10] 
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2.2.1.3 Diaphragm aperture 
The diaphragm is a round device placed in the lens. Its objective is to regulate the amount of light that goes 
through onto the sensor in the moment to take the picture.  
 
The aperture is regulated by the user selecting the numbers shown in the Figure 13. In general every step 
decreases the light dividing it by 2.  
 
 
Figure 13: F number and the apertures [11] 
 
This parameter is very critical for the picture quality. Several factors influence the result in function of the 
aperture. 
2.2.1.3.1 Depth of field (DOF) 
The depth of field is the distance where the farthest objects that appear acceptably focused in the image. The 
Figure 15 shows how a large aperture (small f) focuses the scene in a small range of distance from the focus 
plane and the opposite happens for small apertures. Indeed, in the f22 picture there is larger DOF where it is 
seen more a less all the objects focused around the bottle and in the large aperture the only focused part is the 
plane where are the label of the bottle and part of the cable. 
 
   
    
50 mm f1.8 
50 mm f22 
Figure 14: Small and large apertures with dfferent DOF (Left images: adaption from [12]) 
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2.2.1.3.2 Diffraction distortion 
Finally, if the objective is to find the best quality and resolution, large f-numbers are critical. Small apertures 
induce diffraction effect, spreading the scene in the sensor plane. It means that even if the camera has a large 
amount of pixels resolution, some will be wasted because the image pixel will be larger (smaller spatial 
resolution)  
 
 
Figure 15: Diffraction effect for small apertures 
2.2.2 Sensor 
The sensor is independent of the lens and gives some parameters to modify also. 
2.2.2.1 Picture size 
The size determines the number of pixels the picture has. This is the pixel resolution. As large as is the picture 
more pixels it has and this affect strait to the file size in the flash memory card. This is not a problem in the 
project, so the maximum size will be applied in all the tests. 
2.2.2.2 Sensibility (ISO) 
This is very important for sharpness or spatial resolution. The ISO is the sensibility of the sensor for an amount 
of light present. The range is from 100 to generally 3200 or 6400 and it is a parameter usually in new cameras 
the user can modify. 
 
The problem of high sensibilities is that sharpness is reduced by noise. The grain increase and again spatial 
resolution becomes smaller than the maximum resolution the camera can achieve.  
2.2.2.3 Time exposition 
Usually this parameter is conditioned by all the others. If the scene does not have enough light the time of 
exposition should be longer. But that is not always possible if the times are long and a tripod is not used to 
place the camera (otherwise the picture shows motion). Usually the times goes from 1/2000 sec up to 30 sec 
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3 Methodology 
3.1 Load-displacement 
The curve shows the behavior at different loads configurations (different skiing phases). This will be 
performed with the press machine to have control of the different loads and positions on the ski.  
 
The machine is able accomplish a compression/load in the specimen through the vertical direction, with the 
fixed vice on top. For this experiment, a square-section tubular beam of 200 mm square, 10 mm thick and 2000 
mm length has been secured in the mobile vice and it is where the ski is placed.  
 
The test consists on move up the beam which presses the ski against the contact point (fixed vice with rubber 
ending). For the actual load and dimensions of the beam, deformations are small and the beam is close to rigid, 
see Figure 16. 
 
 
Figure 16: Machine configuration to perform the test 
 
The press machine is connected to the computer to control the load. Also the position from the BP of the top 
contact point can be chosen measuring the distance from the rubber to the BP. 
 
The procedure is the following: 
 
- Place the ski on the beam 
 
- Move the beam until desired contact position. The test will be performed in the BP, 35 mm, 50 mm 
and 130 mm behind, (Skiselector 2011) based on an average food size. The three first positions 
correspond to the kick phase, where the skier propels himself compressing the ski. The fourth position 
corresponds to the gliding phase. 
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- We start loading the ski until it reach the maximum weight decided (700N corresponding to the 
maximum weight of the skier in this case). The rubber, the binding and maybe the ski material 
produce some viscoelastic behavior in high loads, and time is needed until the load is stable 
 
- At each position the ski is loaded and unloaded until a new position is taken. The loads chosen are: 
700, 600, 500, 400, 300, 200, 150, 125, 100 N 
 
The test stops in a preloaded situation (100N) according to have accurate results. This is because 
stopping at 0N, the position of the beam is inconsistent (rubber uncompressed, movements between 
the steel bar and the ski, etc.). Some previous procedures present hysteresis and variability because of 
the rubber viscoelasticity (see appendix A.1.1 Hysteresis occurred in the curves.) 
3.2 Contact surface 
The surface of the ski in contact with the beam is related to the magnitude and position of the load. The 
pressure in average the ski makes against the beam at different loads and also the size of the wax pockets of the 
ski can be measured. 
 
The contact surface will be obtained by the following measuring techniques: 
 
- Using a thickness gauge 
- Using a non-contact optic method. 
3.2.1 Thickness gauge 
This tool will measure the contact surface and the wax pockets. The procedure is the following: 
3.2.1.1 Pressure average  
- The ski is placed on the beam. The test is divided in the two phases of the Diagonal Stride Technique 
(see point 1.3.1): 
 
- Kicking phase: The contact point is placed close to the BP, here chosen 30mm behind. Different loads 
will be used to find the maximum average pressure. Starting with 100N and using a 0.05 mm blade 
between the ski and the beam it is checked where the contact surface starts and finish. This is repeated 
increasing 100N every time until the maximum weight of the skier is achieved. Finally the contact 
surface is calculated. 
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-  Gliding phase: The contact point is placed 130mm from the BP. There will be an analysis of the 
loads corresponding to half weight of different skiers (half weights of 85,80,75,70 Kg). In this case 
the coordinates of the pressure surface are measured and compared with the optical method. 
- Finally all the data is collected and the total surface and pressure average is calculated. 
3.2.1.2 Wax pockets 
- The ski is placed on the beam with the contact point 130mm behind the BP in order to simulate the 
gliding phase (Skiselector 2011) 
- It is loaded half of the weight of the skier. It has been considered different full weights: 65,70,75,80 
and 85 Kg, according to have more results. 
- After a 0.3 gauge is used to find the warm wax pocket (Klister), 0.2 for “0 degree” condition wax 
pocket, and 0.1 for powder wax pocket (Skiselector 2011). The distance from the BP to the points 
where the blade is stopped is obtained with the help of a scale stuck all along the beam. To make an 
easier measurement, the scale should have the zero reference point in the BP of the ski.  
3.2.2 Non-contact optic method 
This method consists on using Digital Speck Photography (DSP) together with the ARAMIS software [9]. The 
goal is to measure the deformations optically, export the relative distances and find the contact surface. With 
the data obtained the pressure average and the wax pockets of the ski can be calculated. To perform this test 
properly the steps are the following: 
- Development of an stochastic painted tape (digital speckles) 
- Picture optimization 
- Software parameters 
- Numeric interpretation 
3.2.2.1 Development of a stochastic painted tape  
This optical method is based on recognize elements through pictures. It means that a stochastic pattern is 
needed in the study surface. The ski has a regular color and should be painted. 
The best choice is to develop a reusable tape easily painted with spray, trails to obtain a proper spot size on the 
surface in order to clearly allocate the pixels (future elements).  
A high range of greys from black to white is good according to have more different pixels in a surface picture, 
but contrast is important too. To do this, the surface is painted black, then a cloud of fine spots painted in white 
to give some greys and finally thicker white spots.  
The tape should be glued on the beam and the ski. This is because the movements are relative and data from 
the beam and the ski must be obtained. 
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3.2.2.2 Picture optimization 
The camera body used is a Nikon D7000 with a 18-105mm, f3.5-5.6 lens. The maximum picture size (16.20 
Mpixels) is configured. 
The goal is to use the best resolution all along the ski. The best configuration after some tests is the following: 
- Focal length 35mm. It is the largest length achieved due to the space available. Previous tests show 
distortion in the edges (barrel effect) for small focal lengths. This is shown in the calculation of the 
resolution in the appendix  
- A.2.7 Resolution – optical method. 
- Diaphragm aperture: f8. This aperture avoids diffraction distortion and allows to have focused all the 
length of the ski.  
- Lowest ISO (100) to avoid noise and obtain the best spatial resolution. 
- Time of exposition 1.5” according obtain enough light. 
- Manual focus with a digital zoom, for the maximum accuracy. 
Having all the parameters clear, a picture is taken in every stage. The stages are equal to the ones performed 
with the thickness gauge, but the test will go from the higher to the lower load and an extra reference stage will 
be taken. This reference stage is for a perfectly flat ski (Some tools are used to avoid bending on the tip and the 
tail) and the load applied is around the 700N. 
3.2.2.3 Software parameters 
The pictures are moved to the computer and the software converts them into monochrome range.  
 
The facet configuration is important to evaluate the stochastic pattern: too small spots or low contrast (Figure 
17) are not recognized by the software if the facets are too large. The same happens if spots are large (Figure 
18) and facets small ([9], point 2.1.1.1). An example of good stochastic pattern is shown in the Figure 19. 
 
   
 
 
 
 
 
 
 
 
 
 
The study area in the picture is chosen as well as the facet configuration as it is shown in appendix A.2.1 
Surface selection of study. The facet parameters defined (always in the reference stage) are: 
Figure 17: Low contrast facet Figure 18: Facet with too large spots 
Figure 19: Appropriate stochastic pattern 
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200pix length (X direction) with step 10pix  
50pix width (Y direction) with step 1pix 
 
With this configuration there are large facets, resolution on the Y direction is large (an element for every pixel) 
and there are more separate study points in the X direction (every 10pixels). See appendix A.2.2 Facets and 
A.2.3 Element distribution. 
 
The software allows exporting the position of elements from your tested object. To pick them there is the 
option to select a straight line of elements from the meshed surface and this is why the first stage should have 
perfectly flat the edge of the ski. 
 
The problem of this method is that when the software recognizes the facets from the first stage, all facets are 
together in a closed convex surface. As soon as the press unloads, the surface suffers a “hole” (the space 
between the ski and the beam) and shows certain distortion on the edges. This is why the element lines are 
selected in some controlled distance from the edge. See appendix A.2.4 Distances calculation for the optical 
method for a detailed illustration. 
 
These elements selected in the first reference stage will be the ones used to obtain the Y absolute 
displacements in all the stages. 
3.2.2.4 Numeric interpretation 
All the data is exported from the software in a .txt format and imported to an excel sheet. The positions of both 
lines of elements are subtracted to find the distances. After, the distance between the lines of elements in the 
first stage is subtracted to all the distances obtained in the next stages, the distance between the edges is 
obtained. To see the illustration of this process: appendix A.2.4 Distances calculation for the optical method. 
After, the pressure average and the wax pockets in every stage are calculated. 
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4 Results 
4.1 Load-displacement 
The results obtained are from a ski model Fischer SC Classic. The Figure 20 shows the curves
1
 obtained from 
the four different load positions. 
 
 
Figure 20: Load-displacement curves from four different positions. 
1 A line across the plot points has been represented with no mathematical value; this will help to discuss the results. 
4.1.1 Validation of load-displacement 
4.1.1.1 Repeatability 
To validate the results the test has been performed 3 times per every load position. The procedure has been the 
following: 
 
- Place the ski in the load position desired.  
- Follow the methodology explained in the point 3.1 . 
- Obtained all the data, unload the ski until the contact is lost between the rubber and the load point (do 
not touch the ski). Placing introduces a lot of randomness because of the rubber, the irregular surface 
of the binding, relative movements in medium and high weights, etc. This is why between every test 
from the same load position the ski should not be moved. 
- Load again until the maximum weight and start again with the second and the third test. 
- Place again the ski for the next test in another configuration 
3 repetitions have been performed according to find statistic validation data with the minimum number of tests. 
The results are accurate (see appendix A.1.2 Statistic evaluation) 
0
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0 1 2 3 4 5 6 7
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Load-displacement curves 
BP
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4.1.1.2 Resolution 
To measure the position of the load is used a 1 mm resolution scale. However, relative movements and the 
random rubber behavior increase the error. After different repetitions, it is concluded that measuring error is 
nearby ±5 mm. 
The resolution of the load from the machine is ±2 N, but as it is explained in the point 3.1 , the viscoelastic 
behavior increases the risk of incorrect results if the load is not stable.  
Finally the machine gives a resolution of ±0.001 mm for the vice position. 
4.2 Contact surface  
The results obtained are made with the Fisher SC Classic model. The study can be split in 2 cases: 
 
- Pressure average 
 
The Table 1 is obtained exclusively through the thickness gauge method and it shows how the 
pressure average fluctuates in function of the load in the kick phase. Also it is shown the pressure 
length in the front, the middle and the back side. 
 
KICK phase 
    
LOAD (N) 
Length front 
(mm) 
Length 
middle 
(mm) 
Length 
back 
(mm) 
Press 
(Kpa) 
100 358 0 239 4.187 
200 470 0 454 5.411 
300 534 0 555 6.887 
400 555 105 575 8.097 
500 573 134 613 9.469 
600 563 140 615 11.380 
700 563 146 600 13.368 
800 560 154 600 15.220 
 
Table 1: Contact length and pressure averages. Kick phase. 
 
The glide phase is calculated by the two methods. In both cases the load is 130mm behind the BP. The 
contact distribution under the ski obtained by the gauge and the optic method are represented in the 
Figure 21 and Figure 22 respectively.  
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Figure 21: Contact surface in the glide phase – thickness gauge method 
 
 
Figure 22: Contact surface in the glide phase – optical method 
 
The following tables (Table 3, Table 2) show the results obtained for the average pressure from the 
Figure 21 and Figure 22. 
 
 
 
 
 
 
 
 
In the appendix A.2.4 Distances calculation for the optical method is explained detailed how the 
software data has been interpreted to find these final results. 
- Wax pockets  
 
The Table 4 collects the distances from the BP where should start the wax pockets per different skiers, 
obtained through the two methods. It is used the criteria from Skiselector. 
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GLIDE phase non cont. method 
LOAD (N) Press (Kpa) 
417 10.58313446 
392 9.948653973 
368 8.481530276 
 343 8.14478229 
319 7.687515904 
GLIDE phase thickness gauge method 
LOAD (N) Press (Kpa) 
417 13.24257426 
392 14.21360255 
368 14.35939197 
343 14.45484581 
319 14.35447339 
Table 2: Pressure average via gauge Table 3: Pressure average via non-contact method 
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- 0.3 mm between ski-plane: Is where should start the Klister (+degree conditions) wax pocket. 
(As a reference, it should be 25 cm behind the BP and 20-25 cm ahead. 
- 0.2 mm between ski-plane: Is where should start the zero degree wax pocket. 
(As a reference, irrelevant distance behind the BP and 30-35 cm ahead) 
- 0.1 mm between ski-plane: Is where should start the Powder (cold conditions) wax pocket. (As a 
reference, irrelevant distance behind the BP and 35-45 cm ahead) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For a better analysis and comprehension in the appendix A.2.6 Wax pockets plots are shown the plots of 
these wax pockets. 
4.2.1 Validation of contact surface 
4.2.1.1 Repeatability 
Thickness gauge 
 
To check repeatability this method has been used several times and the results have been the same inside the 
resolution of the measurements.  
 
 
 
 
Thickness gauge 
method   
SKIER WAX FRONT BACK 
85Kg Klister  265 401 
Hw2=417N Zero degr cond 302 -25 
 
Poweder  322 -80 
80Kg Klister  275 5 
hw=392N Zero degr cond 303 -60 
 
Poweder  326 -110 
75Kg Klister  280 -81 
hw=368N Zero degr cond 312 -126 
 
Poweder  330 -253 
70Kg Klister  325 -150 
hw=343N Zero degr cond 320 -240 
 
Poweder  342 -292 
65Kg Klister  312 -225 
hw=319N Zero degr cond 315 -278 
 
Poweder  353 -307 
 
Optic 
 method   
SKIER WAX FRONT BACK 
85Kg Klister  202.82 63.37 
hw=417N Zero degr cond 267 -5 
 
Poweder  303 -84 
80Kg Klister  271 35 
hw=392N Zero degr cond 279 -29 
 
Poweder  291 -84 
75Kg Klister  259 -12 
hw=368N Zero degr cond 275 -88 
 
Poweder  301 -180 
70Kg Klister 307 -96 
hw=343N Zero degr cond 279 -164 
 
Poweder  263 -232 
65Kg Klister  271 -164 
hw=319N Zero degr cond 291 -212 
 
Poweder  326 -260 
Table 4: Wax pockets obtained by the gauge and the optic method. 
 
1
Positive values in the back site of the BP means are still in the front site. 
2Hw: Half weight of the skier 
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Optical method 
 
In this case the repeatability is checked in a different way. This test has been performed several times, but all in 
diverse configurations that give different results. Every test is an evaluation of several states of load and in 
fact, every stage is a repetition of a process. Indeed, it will be checked the resolution of the sections in all the 
stages according to validate the same accuracy in all of subtests. 
4.2.1.2 Resolution 
Thickness gauge 
 
The resolution of this method is the same like in the test before for the load position in the ski and the load 
measurement described in the point 4.1.1.2. In addition, the measurement of the start/finish area of contact 
through the gauge has a resolution of ±1 mm. 
 
Optical method 
 
According to the facet configuration and the relation between the real distance and the pixel resolution, the 
optical method allows a resolution of ±4 mm in the X direction (elements are placed every 4mm that 
corresponds to a step of 10pix in the picture. Point 3.2.2.3). Furthermore, that will be the resolution for 
delimitate the contact and wax pocket lengths. 
 
Even if the elements are every 0.4 mm (1pix in the picture, step of 1pix in the Y direction) the software is able 
to recognize much smaller movements (about 0.001mm). The aim is to find this resolution calculating the 
displacement of the beam from one stage to another and obtain the noise. 
 
The procedure is to subtract the position of the beam in the stage 0 from the position in the other stages. The 
distance should be constant between all the pair of elements but the beam not only effectuates a translation 
from down to up but has some rotation. This rotation appears because there is not a perfect equilibrium of 
moments in horizontal position when the machine presses. As a result, these values supposedly follow a linear 
equation with some slope. A linear regression is done with those values and finally the real value is subtracted 
from the expected, getting an error plot per stage.  
 
The results are shown in the figures from the appendix A.2.7 Resolution – optical method and it is concluded 
that the resolution in the Y direction is around ±0.03mm.  
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5 Discussion 
5.1 Load-displacement 
A cross country ski is initially easy to compress, but to fully press down the ski is hard. (See Figure 20). 
An observation in the current ski is how much stiffer responds after 400N. The results show that in the kick 
phase the ski has almost reached the plane at half weight. For higher loads, the ski reaches the contact and an 
immediate steep slope appears presumably because of elastic deformation of the rubbers and the ski material.  
 
Furthermore, the curve that corresponds to the glide phase (130 mm) has still some soft slope after 400N 
indicating that the ski is still bending down even at full load. In the glide phase, the ski has still some 
displacement left loaded at half weight, confirming there is no contact yet and the ski glides correctly.  
 
The maximum displacements also give information. The behavior in the kick phase, especially in the positions 
of 35 and 50 mm the displacements are smaller than the glide one. Also here a different behavior between the 
glide and the kick phase is shown. This behavior is also confirmed in Figure 23 where tests done at 35 and 50 
mm from the BP are less displaced compared with the glide phase at half and full weight. 
 
The behavior of the displacement in the balance point is unexpected. Even if the slope is quite similar from the 
other kick phase curves, it has a considerable higher displacement despite the close distance from the other. 
This can possibly be explained by a deformation of the binding in low weights, the load is spread to all the 
binding instead of a linear contact, etc.  
 
 
Figure 23: Maximum displacements at full and half weight 
5.2 Contact surface 
The evaluation has been split in the same sections as the results:  
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Pressure average – Kick phase (Table 1) 
 
As it is expected, after the 400N load (standard half weight) contact starts to appear in the wax pocket of the 
ski. This means a good behavior against a kick of the skier where the kick wax reaches contact with the snow. 
Indeed, the pressure increases fast after the 400N as the contact surface does not increase much compared to 
the load. 
 
Pressure average – Glide phase (Figure 21, Figure 23, Table 3, Table 2) 
 
The two methods gave significant different results of the pressure average as is shown in the tables. The optic 
method gives a larger total contact surface than the thickness method does and this decreases the pressure. Also 
the contact distributions are quite different. 
 
Especially the stage 2 corresponding to the 392N load shows a strange behavior. The contact “bubble” is 
different as the one expected if it is seen the stage before and after. Figure A. 9 shows that the curve 
corresponding to this state probably depends on a very low resolution and high variability.  
 
It is interesting to see at least the same general shape of contact in both methods. Something unexpected is the 
two contact lengths that appear between the tail and the BP. The cause of this little camber in the back side of 
the ski could be the mechanic behavior of the ski or lack of smoothness on the beam.  
 
Wax pockets (Table 4) 
 
Comparing the results from both methods it is obvious there are different results. It is shown, how the wax 
pockets should be placed in larger areas as soon as the skier is lighter.  
 
Focusing on the results obtained via the thickness gauge, (considering it is more accurate) the weight of skier 
that optimizes the couple skier-ski can be decided. Using the method by Skiselector the best skier weight is 
65Kg. The ski is too soft for higher weights so the wax pockets are small.  
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6 Conclussion 
6.1 Load-displacement 
The first objective of this Master’s Thesis was to develop a device capable to determinate the load 
displacement-curves of cross country skis.  
 
The press machine as main tool has achieved its objective with accurate results, performing good repeatability 
and good resolution if the method is carefully followed. 
 
If bindings are fixed on the skis, the method is valid for point loads far from the balance point: it is identified 
that the irregular shape of the binding close to the balance point makes the load point inconsistent. 
 
Finally, the expected behavior of the ski could be validated by the method, where the kick load positions 
(35mm and 50mm from balance point) have similar behavior and are significantly different from the curve 
corresponding to the glide phase (130mm from the balance point). 
6.2 Contact surface 
The second goal of this Master Thesis was to develop devices capable to determinate the contact surface under 
the ski. The comparison of results between the two methods has been very important for an evaluation. 
 
The thickness gauge method has been considered the most accurate for determining the wax pocket size and 
the contact area due to its simplicity. It has been used to compare results with the optical method. 
 
The optical method involves equipment like a camera and the recognition software and most of the time spent 
in this project has been to accurately use this equipment. Difficulties in several steps of the methodology 
required alternatives that increased errors and affected results. However, this method can be used to study the 
deformation of the ski. 
 
Despite the results obtained the two methods are different, the contact “bubbles” under the ski are quite similar 
and an improvement of the optic method could achieve good results. 
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7 Improvements and future work  
7.1 Load-displacement 
The main difficulty to obtain high accuracy in the measurements is to accurately find the contact point between 
the machine and the binding, this depends on the strange shapes and relative movement of the contact point, an 
easy solution is to remove the bindings so there is a plain homogenous surface. A second solution to increase 
the accuracy is to change the rubber on the bar for another material that does not deform that much, but does 
not destroy the surface of the ski. 
The test has used the contact points defined earlier from existing ski test procedures. A start is to choose the 
points with some sense. 
7.2 Contact surface 
Thickness gauge 
 
The test machine used is the same as for previous tests.  
 
Optical method 
 
The main problem of this method is the distortion that appears in the edge of the ski and the beam when the 
software meshes the picture. The software can work better with more pixels/area because the elements can be 
smaller and the facets dropped in the edges are affordable. This can be solved in the future with two cameras so 
the picture has more pixel resolution, or what is the same, using a camera with more resolution.  
 
The stochastic tape stuck in the ski also introduces some error because it moves when the ski flexes, giving 
false movements. If it is affordable a solution is paint the ski and the beam with spray. 
 
Rotation of the beam is also a problem. This can be avoided using a press machine with the load vice on top, so 
the beam can be fixed in the floor and the test can be performed measuring absolute displacements.  
 
Finally, all the data is extracted from the computer and moved to the Microsoft Excel where the calculations 
are done. This is a slow task and with a script program the results can be obtained automatically.  
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7.3 Other measuring methods – Silicon and pressure 
distribution 
This project also has been looking for a method to measure the pressure distribution under the ski. Early results 
have been achieved and interesting for a future work. 
 
In this study, the camera is used to measure small displacements in pressed silicone. An investigation if this 
displacement could be related with the pressure distribution is included. Silicone rubbers have interesting strain 
properties that can be used as deformation elements in certain pressure sensor devices. Depending of their 
composition, elastomers deform elastically under load in a large range of pressures. Tests performed on the 
material show linearity in certain ranges and low hysteresis (S O'Sullivan et al 2003, L. R. G. Treloar 1958). 
Silicone RTV (Room Temperature Vulcanization) has the advantage of a short time of 
vulcanization.(Jerschow, Peter 2001) 
 
Other devices have been developed to measure pressure distributions. A possible solution is the use of 
ultrasonic waves to evaluate the contact by the energy reflected. By this technique a pressure distribution for 
the surface can be obtained (M. Pau et al 2002).  
 
The elastomer used is a silicone rubber, specifically type RTV-2 (two components). This material has linear 
response in the actual ranges of pressure, in the works of S O'Sullivan et al (2003). Samples are tested and 
verified in the laboratory as shown in the appendix A.3. Silicon measurement method  
7.3.1 Theory 
The strain maps in the silicon obtained through the optical software seems to have a close relation with the 
Hertz theory. Initially bodies have contact either in a line or a point. When a load is applied a small finite 
contact surface appears around the initial contact point. Hertz theory predicts the shape of the contact, the 
stresses as well as the pressure distribution on that surface.  
 
The contact surface between a loaded sphere and a half space is a circular area of radius a, Figure 24: 
 
 
Figure 24: 2D view of the normal contact between a sphere/cylinder and a half space – Hertz Theory – Adaptation from [13] 
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The normal traction in the area of contact can be calculated by 
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Where p0 is the maximum pressure in r = 0 and it is 3/2 of the mean pressure pm. More precisely 
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The radius of contact can be determined through 
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and where E1 and E2 the Young’s modulus and v1 and v2 the Poisson’s ratios for both bodies. 
The stress distribution in the contact area follows the curves of the Figure 25, depending on the coordinates 
system. Observe that in r = 0 the quotient σz/pm has the value of 1.5 as is expected having σz(0) = p0 = 1.5 pm 
 
 
Figure 25: Stress distribution in a sphere-half space. Circumference of contact with radius a.[18] 
7.3.2 Methodology 
The device used for the silicon measurements is the one shown in Figure 26. At the top there is a plane of 
transparent methacrylate where a silicon layer is placed. This layer is pressed by a body and deforms 
elastically. The camera is placed under the methacrylate to capture the deformations in every load state.  
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Figure 26: Device to measure the silicon strain. 
 
The transparent silicone has a thin layer in the middle with a stochastic pattern. The software can recognize the 
movements in the layers. The Figure 27 shows how a random body loads and deforms the silicon. 
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Figure 27: Loaded silicon sample illustration 
 
The setup of the test can be divided in different parts: 
- Producing the silicone brick 
- Place the silicon on the transparent surface 
- Incrementally load the silicon with a known body geometry 
- Pictures of deformation between each increment 
- Analysis with the software ARAMIS 
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7.3.2.1 Producing the silicone brick 
The silicon used is the ESTOSIL® RT-2 601. The product is composed by two components: addition (A) and 
curing (B) in liquid phase. To produce the brick the following steps have been performed: 
- To prepare the first layer of silicon, the volume of silicone needed is calculated, including some loses. 
The base size of the mold is 200x100 mm and the thickness needed is about 3 mm.  
- With the density of the components we prepare a mix with a 10% of curter and 90% of addition (in 
weight). 
- The mix of the two components is poured in a mold. As a result of the mixing process, the silicone is 
full of bubbles which should be removed. The best process is to put the mold in a vacuum space for 
10 min thus the bubbles increase their volume and move up to the surface where they finally 
disappear.   
- After waiting for 24h, a second mix of silicone is prepared. This layer corresponds to the silicone with 
spots in a painted matrix. This pattern is obtained by mixing the silicone with white paint and adding 
black dust. After this, the process is the same as the previous layer. 
- Finally after 24h more, the third layer of transparent silicone is poured; the bubbles are vacuumed and 
is left curing 24h more. 
When the brick is removed from the mold, the edges have to be cut according to have a perfect plane with no 
curvatures. 
7.3.2.2 Place the silicon in the transparent surface 
The methacrylate plane should be perfectly clean as well as the surface of silicone. Particles between the 
surfaces produce bubbles of air that affect critically the quality of the pictures. A solution could be to have a 
thin film of oil between the layers. 
Finally the rest of the methacrylate surface should be covered with tape to avoid too much light in the lens.   
7.3.2.3 Incrementally load the silicon with a known geometry 
The body to be pressed against the silicon is a model of a cross country ski. It is built with a blade 0.5 mm thin 
and plastically deformed. The Figure 28 shows the ski model placed on the silicon layer and the methacrylate 
free area is covered with opaque tape. 
 
 
Figure 28: The ski model placed on the silicone layer. 
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7.3.2.4 Pictures of deformation between each increment 
The configuration of the camera is: 
- Focal length 50mm.  
- Diaphragm aperture: f8 
- Lowest ISO (100) 
- Time of exposition 1.5”  
The pictures should be taken automatically to avoid relative movements between the methacrylate and the 
camera. In between pictures the silicone is incrementally loaded (Figure 29). After the measurement, the 
pictures are uploaded to the computer. 
 
 
Figure 29: Stage picture 
7.3.2.5 Analysis with the software ARAMIS 
ARAMIS software will recognize the DSP in different facet configurations: 
 
High pressures: 
100pix length (X direction) with step 20pix  
100pix width (Y direction) with step 20pix 
Low presures
1: 
 
70pix length (X direction) with step 5pix  
70pix width (Y direction) with step 5pix 
 
 
 
1 A small facet configuration is needed to recognize local deformations [9]. 
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7.3.3 Results 
A first result is obtained from loading with the weights: 650g, 1300g, 1700g and 1950g respectively onto the 
ski model. The Figure 30 shows the strain maps in the plane XY, being Z the direction of the load. The map 
also shows horizontal lines. These lines are selecting nodes from where it is made a plot in the appendix A.3.2 
Section strain curves. 
 
 
Figure 30: Logaritmic XY strain maps in the 4 stages. High presures. 
 
A second test is done with lighter loads: 44g, 66g 132g and 155g. Notice that the gap between the two squares 
is done to save computation time knowing that there will not be contact in the middle of the ski. The facets 
have been configured differently to have high accuracy for this case (small movements). 
40 
 
 
Figure 31: Logaritmic XY strain maps in the 4 stages. Low presures 
7.3.4 Discussion 
In the high load test, the strain in the silicon starts appearing in the tip and in the front of the ski. The shape in 
the tip has two strain concentrations. Presumably this is because the contact line in the tip is not perfectly flat, 
it could be some curvature in it that sinks the edges deeper in the silicone or the silicone is not smooth enough.  
 
In the second stage the middle of the ski is in contact with the silicone. However, the shape is not as simple as 
one could expect; it has some triangular contour because of uncertain reasons (ski model defect, lack of 
smoothness in the silicon, unbalanced load, etc) 
 
Finally it is shown how the strain increases in the mid-section of the ski affecting the surroundings. 
 
A high range of deformations is achieved in the first test (until 0.07 in logarithmic scale). This is why a second 
test is performed with very low weights, to see if the system is able to capture smaller strains. 
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In the first stages of the second test, the software recognizes the strain under one of the edges of the ski, 
probably the sharpest one. In the end strain appears in the rest of the contact points, achieving a 0.04 of strain 
in logarithmic scale. 
7.3.4 Conclusion 
The software is able to recognize small deformations as it is represented in the first stage of the second test, 
where the maximum strain is about 0.005 in logarithmic scale.  
Regarding the maximum strains in the stages from both tests, the silicone has a low range of strains for a large 
range of loads. 
A lot of improvements could be obtained from building a smoother silicon brick, load the ski with a better 
system, etc.) 
However, the shapes of strain in the silicone seem to have strong relation with the pressure distribution. For a 
future calibration the silicone could be loaded with a known geometry, e.g. a sphere. These results can be 
compared with a numeric solution or through the Hertz theory. 
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8 Appendix 
A.1 Load-displacement curves 
A.1.1 Hysteresis occurred in the curves.  
The reason of this comportment is an insufficient waiting time for the stabilization of the load (viscoelasticity 
behavior).  
 
 
Figure A. 1: Load-displacement curves, press placed 35mm from the balance point 
 
 
Figure A. 2: Load-displacement curves, press placed 50mm from the balance point 
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A.1.2 Statistic evaluation 
The data collected in each repetition is shown in the following table: 
rep 1 35mm from BP 50mm from BP BP 130mm from BP 
Load (N) 
 
Relative displ (mm) 
 100 0 0 0 0 
125 1.141 0.998 1.388 1.376 
150 2.164 1.968 2.467 2.315 
200 3.21 3.036 3.621 3.533 
300 4.592 4.345 5.151 4.933 
400 5.095 4.95 5.662 5.805 
500 5.196 5.052 5.804 6.104 
600 5.241 5.104 5.899 6.268 
700 5.295 5.142 5.966 6.375 
rep 2 35mm from BP 50mm from BP BP 130mm from BP 
Load 
 
Relative displ (mm) 
 100 0 0 0 0 
125 1.113 1.244 1.262 1.314 
150 2.099 2.016 2.433 2.198 
200 3.185 3.061 3.623 3.488 
300 4.56 4.4 5.218 4.932 
400 5.052 5.007 5.72 5.786 
500 5.149 5.088 5.862 6.084 
600 5.21 5.142 5.959 6.25 
700 5.249 5.189 6.047 6.349 
rep 3 35mm from BP 50mm from BP BP 130mm from BP 
Load 
 
Relative displ(mm) 
 100 0 0 0 0 
125 1.247 1.214 1.389 1.444 
150 2.08 2.041 2.499 2.225 
200 3.205 3.135 3.697 3.416 
300 4.597 4.456 5.196 4.912 
400 5.077 5.033 5.726 5.8 
500 5.175 5.107 5.868 6.09 
600 5.247 5.173 5.974 6.223 
700 5.299 5.214 6.046 6.332 
Table A. 1: Data from the 3 repetitions 
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In the Table A. 2 there are calculated the averages between the repetitions for the 400N (half weight) and 700N 
(full weight) values. Also are deduced the standard deviations and errors (%). 
 
700N displ. Average (mm) 6.01966667 5.281 5.18166667 6.352 
stdev  0.03795026 0.02268627 0.02984776 0.01768238 
variab. 0.19480826 0.15061961 0.17276505 0.13297512 
o/1  error 0.03236197 0.02852104 0.0333416 0.02093437 
300 weight displ. Average (mm) 5.70266667 5.07466667 4.99666667 5.797 
stdev  0.02885981 0.01763204 0.03466346 0.00804156 
variab. 0.16988177 0.1327857 0.18618126 0.08967474 
o/1  error 0.02978988 0.02616639 0.03726109 0.01546916 
Table A. 2 : Statistic evaluation of the data 
A.2. Contact surface 
A.2.1 Surface selection of study  
The surface selected in green is the area the computer will make the calculations in the optical method. In the 
figure is shown also that the picture has been turned into monochrome range. 
 
Figure A. 3: Monochrome picture with the work area selected 
A.2.2 Facets 
The figure shows how the facet looks after the configuration of size and step in the optical method. 
 
Figure A. 4: Project facets 
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A.2.3 Element distribution 
Using the optical method, the study surface selected has been meshed by the computer overlapping all the 
facets. It is shown how the number of elements in the Y direction is not the same than in the X (step conf.) 
 
 
Figure A. 5: Meshed surface. Also part of two facets is represented. 
A.2.4 Distances calculation for the optical method 
The Figure A. 6 shows in 3 steps the method to find the distances between the ski and the beam using the non-
contact method. 
 
Yo
Yo
ΔY
ΔY
A
B
C
EDGE
SKI
BEAM
ELEMENTS SECTIONS
 
Figure A. 6 : Scheme of the method to find the distance between the beam and the ski. 
 
A description step by step should be: 
A: The ski is fully loaded (550N) due to obtain full contact everywhere so it is guaranteed that the edge of the 
ski is perfectly flat and a line of elements (selection) parallel can be picked.  
The distance from the selection to the edge is about half of the thickness of the ski tape. The same happens 
with the selection of the beam, it should be perfectly parallel to the ski selection. Finally the distance 
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between these parallel lines (Yo) are measured as soon as the absolute positions of all the elements from the 
software are extracted. 
B: When the ski is unloaded, some camber starts to appear. The camber distance is Δy in the figure and it is the 
distance of interest. 
C: Finally to calculate Δy, Yo is subtracted from the total distance.  
A.2.5 Results extraction from the computer 
After computing, the software is able to show a colored plot of Y-deformations as well as the lines of elements 
selected. In the figure below (Figure A. 7) it is shown the reference and the first stage. It is not interesting to 
see the rest due to what it is shown are absolute displacements, far from the final results. 
 
 
Figure A. 7: Reference stage (flat edge parallel to the beam) and unloaded first stage (417N) 
 
The elements of each line in the ski and the beam are separated 4mm (10 pixels) apart due to reduce data. With 
all the absolute distances from these elements, following the procedure explained in the A.2.4 Distances 
calculation for the optical method  it is obtained a family of curves (Figure A. 8), each one corresponding to 
different half weights. To obtain the plots corresponding to the Figure 22 it is considered the loss of contact 
when the relative distance is higher than 0.05mm.   
 
 
Figure A. 8: Position of the edge on the beam per different loads 
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For further analysis it is good to evaluate the stage 2 in another plot, comparing it with a different stage as it is 
shown in the Figure A. 9: 
 
 
Figure A. 9: Extraction of stage 2 curve compared with the first. 
A.2.6 Wax pockets plots  
The plots show the area in gray where the different wax pocket should be placed per different weights. Notice 
that the positive values are the front of the ski and the 0 coordinate is the BP in both methods. 
 
 
 
 
 
 
Figure A. 10: Wax pocket illustration via gauge 
-0.5
0
0.5
1
8
5
3
8
0
5
7
6
1
7
1
3
6
6
9
6
2
4
5
7
8
5
3
4
4
8
6
4
4
2
3
9
4
3
5
0
3
0
3
2
5
9
2
1
3
1
6
8
1
2
3
7
5
3
1
-1
6
-6
0
-1
0
8
-1
5
2
-1
9
9
-2
4
4
-2
8
7
-3
3
5
-3
7
9
-4
2
7
-4
7
1
-5
1
9
-5
6
2
-6
1
0
-6
5
4
-6
9
8
-7
4
6
-7
9
0
-8
3
7
-8
8
1
-9
2
9
y
 d
is
ta
n
ce
 (
m
m
) 
X pos from BP (mm) 
detail stage 2 (392N) vs stage 1 (417N)  417N (85 Kg/2)
392N (80 Kg/2)
8
5
K
g
 
sk
ie
r 
Klister (warm cond)
Zero degr cond
Poweder (cold cond)
8
0
K
g
 
sk
ie
r 
Klister (warm cond)
Zero degr cond
Poweder (cold cond)
7
5
K
g
 
sk
ie
r 
Klister (warm cond)
Zero degr cond
Poweder (cold cond)
7
0
K
g
 
sk
ie
r
 Klister (warm cond)
Zero degr cond
Poweder (cold cond)
8
5
3
7
8
5
7
1
7
6
4
9
5
8
1
5
1
3
4
4
5
3
7
7
3
0
9
2
4
1
1
7
3
1
0
5
3
7
-3
1
-9
9
-1
6
7
-2
3
5
-3
0
3
-3
7
1
-4
3
9
-5
0
7
-5
7
5
-6
4
3
-7
1
1
-7
7
9
-8
4
7
6
5
K
g
 
 s
k
ie
r 
Distance from BP (mm) 
Klister (warm cond)
Zero degr cond
Poweder (cold cond)
48 
 
 
Figure A. 11: Wax pockets illustration via non-contact optical method 
A.2.7 Resolution – optical method 
There is some distortion also in the front of the ski. The main common distortion noticed is near the column, 
where the error is high. However this is not a problem due to this part of the ski is far from where the contact 
starts. 
 
 
Figure A. 12: Error between expected and real value – stage 0-1 
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Figure A. 13: Error between expected and real value – stage 0-3 
 
The stage 2 presents high distortion and lack of accuracy not only near the column.  
 
Stage 2 in the Figure A. 14 shows a lot of noise all along the ski compared with the stages 1 and 3 in the Figure 
A. 12 and Figure A. 13 respectively. Noise appears also in the Figure 22: Contact surface in the glide phase – 
optical method, where the stage 2 has an unexpected contact length, as well as in the Figure A. 9 where the 
curve of the edge against the beam has a lot of instability. This is explained because the picture presents some 
motion (Figure A. 15).  
 
 
Figure A. 14: Error between expected and real value – stage 0-2 
 
 Searching for the reason of this variation, it has been compared with a good resolution picture, for example the 
one from stage 3. 
 
 
Figure A. 15: Focused stage 3 (left) and blurred stage 2 (right) 
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Old tests performed show presumably barrel distortion. This is the case of a picture taken with the following 
configuration: 
- Focal length 18mm.  
- Diaphragm aperture: f22 
- Lowest ISO (100)  
- Time of exposition 5”  
One could expect by looking at the shape of the plot that the error obtained is mainly because of the small focal 
length. Also there is some diffraction aberration as a consequence of the small aperture (Figure A. 16) 
 
 
Figure A. 16: Error obtained presumably by the barrel effect 
A.3. Silicon measurement method 
A.3.1 Curves load-displacement – silicone sample 
The following plots show how a silicon brick of 9.3 mm of thickness is tested in simple compression. It is 
observed how two ranges of pressures have certain linearity. 
 
 
Figure A. 17: Load-displacement curve for a silicone RT brick  
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Figure A. 18: Linear behavior in two ranges of pressures. Load-displacement curves 
A.3.2 Section strain curves 
The following plots show the curves of strain all along the surface of the silicone. Every curve is a section of 
elements picked in all the stages. It is represented the first and the last stage of both tests. 
 
First test (high loads), stage 1 and 4: 
100 200
 
Figure A. 19: Section strain curves. Test 1 stage 1 
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100 200
 
Figure A. 20: Section strain curves. Test 1 stage 4 
 
Second test (high loads), stage 1 and 4: 
100 180
 
Figure A. 21: Section strain curves. Test 2 stage 1 
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100 180
 
Figure A. 22: Section strain curves. Test 2 stage 2 
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